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Full-domain multiscale analyses of unidirectional AS4/H3502 open-hole
composite tensile specimens were performed to assess the effect of microscale
progressive fiber failures in regions with large stress/strain gradients on macroscale
composite strengths. The effect of model discretization at the microscale and macroscale
on the calculated composite strengths and analysis times was investigated. Multiple sets
of microscale analyses of repeating unit cells, each containing varying numbers of fibers
with a distinct statistical distribution of fiber strengths and fiber volume fractions, were
used to establish the microscale discretization for use in multiscale calculations. In order
to improve computational times, multiscale analyses were performed over a reduced
domain of the open-hole specimen. The calculated strengths obtained using reduced
domain analyses were comparable to those for full-domain analyses, but at a fraction of
the computational cost. Such reduced domain analyses likely are an integral part of
efficient adaptive multiscale analyses of large all-composite air vehicles.
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CHAPTER I
INTRODUCTION

1.1

Composite Materials
Composite materials are being increasingly investigated as an alternative to

metallic materials in many structural applications. This is due to composites having high
degrees of tailorability, lightweight when compared to metallic materials in similar
applications, as well as superior strength and stiffness capabilities. However, composite
materials often exhibit material responses that are difficult to characterize, complex
failure behaviors (i.e., fiber breaks, matrix microcracking, fiber/matrix debonding,
delamination, fiber microbuckling, etc.), and compressive instability, especially after
impact loads [1].
1.2

Integrated Computational Materials Engineering
Integrated computational materials engineering (ICME) provides a framework for

solving complex problems across varying spatial and temporal scales [2]. Ideally, ICME
will be able to offer engineers the ability to link materials databases with existing systems
engineering tools (i.e., design optimization, robust design, uncertainty, etc.) in order to
probe how disparate material behaviors (i.e., fatigue behavior, damage resistance, etc.)
interact with one another across spatial and temporal scales. By joining databases with
existing engineering tools, ICME will also allow engineers to unify cost, process,
1

microstructural, property, and performance and lifing models with one another. Though
it will require several years to mature, ICME could unify materials research and reduce
redundancy in testing, in turn freeing the resources used for additional testing in pursuit
of new products or novel research [3].
1.2.1

Multiscale Modeling
Conventional materials modeling is predominately limited to one spatial/temporal

scale, whereas multiscale modeling attempts to solve problems across varying spatial
and/or temporal scales [4]. The fields of multiscale modeling and micromechanics of
composite materials have seen a significant increase in attention in recent years.
Multiscale analyses aim to predict the macroscale material response while accounting for
microstructural irreversible processes (i.e., fiber breaks, matrix debonding, matrix
cracking, delaminations, cascading ply failures, and statistical variations in constituent
material properties). Therefore, multiscale modeling offers a means to accurately capture
the effect of relevant microstructural influences on macroscale response.
1.3

Airframe Digital Twin
In recent years, an Airframe Digital Twin (ADT) methodology has been proposed

that will allow for high-fidelity, robust life prediction analyses to be performed for entire
flight structures by joining together a family of computational models (i.e., durability,
damage tolerance, structural life prediction, computational fluid dynamics (CFD),
thermodynamic, and fatigue models) [5]. The ADT will ideally couple real-time load
data and finite element (FE) models using structural health monitoring (SHM) devices
located throughout a structure. When fully implemented, an ADT suite of models could
2

allow for a transition from traditional schedule-based inspections to condition-based
maintenance.
Current schedule-based inspection protocols for metallic structures were
developed from prior experience with similar vehicles and materials. However, these
methods of analysis may not be satisfactory for emerging technologies and mission
requirements. For an all-composite aircraft, the long-term degradation in material
properties and structural integrity associated with a wide range of in-service loads and
extreme environments may not be known. Therefore other means of inspections and life
prediction must be developed. High-fidelity, computationally efficient, multiscale FE
analysis may be used to facilitate all-composite air vehicle life predictions.
1.4

Motivation for Thesis
Full-scale air vehicle FE analyses, which account for discrete failure mechanisms

at lower length scales, are currently impractical due to computational limitations that
prohibit accurate characterization of the evolution of damage in composite structures for
each principal structural element and load case. As computational resources become
increasingly more efficient, full air vehicle multiscale analysis and design with intrinsic
links to molecular level, microscale, and mesoscale phenomena will be possible by
applying ICME principles. The primary goal of this work is to move towards an efficient
method for accounting for microscale influences (e.g., varying fiber volume fraction,
varying fiber strengths, fiber matrix interface properties, varying matrix stiffness, varying
fiber stiffness, etc.) throughout an entire structure. In this work, progressive
implementation of multiscale analyses in sub-domains where continuum-averaged
properties do not accurately capture microscale phenomena is investigated. Multiscale
3

analyses are made within a reduced domain of a FE model to quantify the computational
advantages associated with selectively implemented multiscale analyses. As a result, this
work will lay the foundation for future investigations into an in-situ implementation of
multiscale analyses and in turn move closer to ADT modeling capabilities.

4
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CHAPTER II
EFFICIENT COUPLING OF MICRO/MACROSCALE ANALYSES WITH
STOCHASTIC VARIATIONS OF CONSTITUENT PROPERTIES

2.1

Abstract
Full-domain multiscale analyses of unidirectional AS4/H3502 open-hole

composite tensile specimens were performed to assess the effect of microscale
progressive fiber failures in regions with large stress/strain gradients on macroscale
composite strengths. The effect of model discretization at the microscale and macroscale
on the calculated composite strengths and analysis times were investigated. Multiple sets
of microscale analyses of repeating unit cells, each containing varying numbers of fibers
with a distinct statistical distribution of fiber strengths and fiber volume fractions, were
used to establish the microscale discretization for use in multiscale calculations. In order
to improve computational times, multiscale analyses were performed over a reduced
domain of the open-hole specimen. The calculated strengths obtained using reduced
domain analyses were comparable to those for full-domain analyses, but at a fraction of
the computational cost. Such reduced domain analyses likely are an integral part of
efficient adaptive multiscale analyses of large all-composite air vehicles.

6

2.2

Introduction
Unmanned and manned aircraft structural design and certification are rooted in

vehicle safety and mission success. As a result, a design factor of safety (FS) between
1.25 (unmanned aircraft) and 1.5 (manned aircraft) is commonly employed [1].
However, such a FS can result in “over designed” structural components that are
unnecessarily heavy and do not meet ideal performance capabilities.
In recent years, an Airframe Digital Twin (ADT) methodology that will allow for
high-fidelity, robust life prediction analyses to be performed for entire flight structures by
joining together a family of computational models (i.e., durability, damage tolerance,
structural life prediction, computational fluid dynamics (CFD), thermodynamic, and
fatigue) has been proposed [2]. It will ideally couple real-time loads data obtained using
strain gages or other structural health monitoring devices with finite element (FE) models
for robust structural analyses that consider the “entire range of physics acting on the
structure” [2]. Gockel et al. [3] coupled CFD and structural analyses and showed that
only discrete subsets of a flight regime can currently be modeled within an ADT
framework. Also, Penmetsa et al. [4] utilized design of experiments techniques to
determine the probabilistic fatigue life of aircraft by accounting for stochastic effects
within material models and failure criteria. Furthermore, Hollkamp [5] presented a
reduced order model and generalized finite element method to evaluate structural effects
(acoustic and vibration loading effects, material property degradations due to extreme
thermal loading, etc.) on high speed aircraft structures within the ADT framework.
System inputs developed from such methodologies [1-5] will feed into structural life
predictions. As a long range goal of this study, an overview of key elements necessary to
7

implement an ADT suite of models for an all-composite air vehicle will be developed,
using the “Owl” ultra-light unmanned aircraft system (UAS) as a test bed. The Owl was
originally developed as part of the U.S. Army Space Missile Defense Command High
Performance Materials/Processes (HIPERMAP) Program and may be flown either as a
pilot-controlled manned vehicle or as an autonomous UAS. As part of the current study,
key aspects in the computationally efficient implementation of multiscale materials
models are addressed. For illustrative purposes, multiscale failure analyses of composite
open-hole tensile specimens are performed to assess the effects of high macroscale strain
gradients/stress concentrations on composite failure behavior at multiple scales. Such
considerations are important when judiciously performing multiscale analyses of entire
air vehicles. As computational ability increases, multiscale analysis and design with
intrinsic links to molecular level, microscale, and mesoscale phenomena will be possible
for entire air vehicles by implementing Integrated Computational Materials Engineering
(ICME) principles [1-2, 6].
ICME has the potential to unify the understanding of material behavior and
characteristic properties. The National Research Council defined the purpose of
ICME [6]:
“Enable the optimization of the materials, manufacturing processes, and
component design long before components are fabricated, by integrating the
computational processes involved into a holistic system. ICME can be defined as
the integration of materials information, captured in computational tools, with
engineering product performance analysis and manufacturing-process
simulations.”
8

This integrated approach allows for phenomena associated with processing
methods or material properties to be considered across varying spatial and temporal
scales [7]. ICME approaches can be used to solve complex problems but has failed to
gain widespread traction due to its traditional focus on phenomena associated with
individual “knowledge nodes” (fatigue behavior, damage resistance, etc.) in lieu of
probing how such phenomena interact with one another [8]. ICME provides the unifying
principles (Figure 2.1) necessary to join cost models, uncertainty methods, materials
databases, and materials properties and process models with one another. Similar to the
historical evolution in FE analyses, ICME will require years for the underlying
methodologies to become unified and fully mature [7].

Figure 2.1

ICME integration methodology (adapted from [7])
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To effectively promote advancements in ICME-based materials engineering,
universal composite materials property standards and databases must be adopted. For
example, the Advanced General Aviation Transport Experiments (AGATE) program was
founded in 1994 and established a composite materials qualification standard for
generating lamina level probabilistic design allowables [9]. The American Society for
Testing and Materials (ASTM) has also released standards to provide a recommended
format for a computerized material database and outlined the desirable elements of data
for composite constituent materials. ASTM E1471, E1434, and E1309 promote material
identification and methods of mechanical test data acquisition [10-12]. International
collaborations between government, industry, and academia are needed to effectively
facilitate the use of composite material property databases [13-14]. The International
research on Permanent Authentic Records in Electronic Systems (InterPARES) project,
completed in two phases between 1999-2006, promoted international collaboration
between industry and academia and established a dynamic, interactive materials database
[15-16]. By unifying materials research and establishing a comprehensive database,
redundancy in materials testing can be eliminated. In turn, resources otherwise spent on
component tooling and testing will be available to pursue new products or novel
research [17].
2.3

Micromechanics and Multiscale Modeling
While conventional materials modeling is often limited to one spatial/temporal

scale, multiscale modeling provides a method of solving materials problems involving
significant interactions across disparate spatial and/or temporal scales [18]. A key
challenge in multiscale materials modeling is to characterize how the material response at
10

one scale affects the response at another. Three general types of multiscale models are
commonly defined: hierarchical, concurrent, and synergistic. The hierarchical models
consider material behavior in a bottom-up (or top-down) manner, where material
responses are mapped up from the microscale (e.g., characteristic lengths on the order of
a fiber diameter) to the mesoscale (e.g., characteristic lengths on the order of a fiber tow
diameter/fiber tow spacing) and then finally to the global scale (e.g., structural or
continuum-level), and can be used for problems exhibiting little dependence between
spatial and temporal scales. The concurrent approach accounts for spatial variations in
material behavior similar to hierarchical models but also considers the temporal
dependence of each simulated response. The concurrent and hierarchical approaches are
sometimes combined in a synergistic fashion where temporal considerations are
implemented within a hierarchical framework only when needed [18]. An adaptive
(synergistic) multiscale methodology that utilizes continuum-averaged properties may be
selectively implemented where applicable and only initiates lower length scale
calculations in microstructural regions where continuum-averaged properties do not
properly approximate the material response.
Ricks et al. [19] performed progressive failure analyses of an AS4 carbon
fiber/Hercules 3502 (AS4/H3502) unidirectional carbon fiber-epoxy composite with a
volume fraction of 60% where a statistical distribution of fiber strengths was employed.
The predicted ultimate tensile strengths were strongly influenced by the discretization of
a given material volume at the micro- and macroscales [19]. Ricks et al. [19] was able to
predict random distributions of failures consistent with manufactured ASTM D3039 [20]
tensile specimens. A computationally efficient methodology was employed to model
11

salient aspects of the material microstructure (e.g., number of fibers, statistical property
distributions, varying fiber volume fractions) and to obtain the associated homogenized
(local) response. Such refined microscale calculations could be coupled with macroscale
calculations to offer a relatively efficient approximation of the global material response.
While Ricks et al. [19] considered specimens with uniform macroscale stress and strain
fields; it is desirable to determine how the evolution of structure predicted using
multiscale analysis is influenced by large macroscale gradients in field quantities. In this
work, multiscale progressive failure analyses of ASTM D5766 [21] open-hole tensile
specimens are performed to assess the effect of model discretization at the micro- and
macroscales on the predicted failure behavior. This is the first step in the application of
ICME-based multiscale calculations necessary for the development of an all-composite
ADT, where large stress/strain gradients are prevalent.
Micromechanics analyses take into account material responses due to individual
constituents, variations in constituent volume fractions, and material interphases to
approximate the overall behavior of a multiphase material [22]. Using micromechanics
principles, Aboudi [23] developed the method of cells (MOC) to model periodic
composite materials with a repeating unit cell (RUC). A RUC can be used to
approximate the fiber distribution of an unidirectional continuous fiber composite
material (Figure 2.2(a)) by using subcells to represent individual constituents (Figure
2.2(b)), where each subcell is assigned material properties associated with a constituent
phase (i.e., fiber, fiber/matrix interphase, matrix) [23]. The RUC can then be assigned
periodic boundary conditions, where it is uniformly replicated in both the x- and ycoordinate directions, to provide an approximate representation of the microstructure
12

(Figure 2.2(c)). In the MOC, the material response is evaluated at the centroid of each
subcell so that no stress concentrations are introduced into the model as a result of
rectangular subcell geometry (i.e., a rectangular subcell can be used to approximate a
circular fiber).

y

Fiber
subcell

x

Fiber

Matrix
subcell

Matrix

a)

Figure 2.2

b)

c)

Schematic representation of using RUCs to model a) square fiber packing
microstructure of unidirectional composites. Where b) is a single-fiber
RUC from fiber distribution in a) and c) is an approximate representation
of a unidirectional composite material after doubly periodic propagation of
a single-fiber RUC.

The generalized method of cells (GMC) expanded the capabilities of the MOC to
account for individual constituent responses, variation in constituent volume fractions,
and material interface properties for any number of unique constituents [22-23]. A
sufficiently discretized (n-fiber) RUC can be used to approximate a representative
volume element (RVE) of a composite material where n is the number of fibers necessary
to obtain a continuum-average approximation of the material properties. An RVE is the
minimum material volume necessary to provide a statistically homogeneous
representation of the material microstructure [24-27]. The GMC imposes continuity of
13

displacements and tractions at subcell boundaries and between RUCs using a first-order
(linear) displacement field. While the calculated local field quantities are highly sensitive
to the microscale discretization (i.e., number of subcells), the RUC-averaged
(homogenized) response obtained using the GMC can provide accurate and efficient
predictions of the continuum-level composite materials behavior. NASA Glenn Research
Center developed the Micromechanics Analysis Code using the Generalized Method of
Cells (MAC/GMC) to perform micromechanics analyses using GMC [28].
The high-fidelity generalized method of cells (HFGMC) was developed to better
account for local (sub-RUC) variations in field quantities; resulting in normal-shear
coupling and more accurate subcell fields [22]. The HFGMC employs a quadratic
displacement approximation within each RUC subcell and is somewhat more
computationally expensive than the GMC [22-23]. In this work, a set of parametric
analyses were performed to evaluate the differences between the GMC and HFGMC in
determining the mean tensile failure strength of unidirectional carbon fiber-epoxy
composites.
2.4

Multiscale Modeling of Open-Hole Composites
An AS4 carbon fiber/Hercules 3502 (AS4/H3502) unidirectional carbon fiber-

epoxy composite with a fiber volume fraction of 60% was modeled using MAC/GMC.
Failure of unidirectional composites can be considered as a progressive process resulting
from statistical variations in fiber strengths. As the far-field load is increased, weaker
fibers can fail at load levels corresponding to 50% of the composite ultimate strength and
the load is redistributed between other adjacent fibers [29]. Fiber failures can randomly
cascade throughout a structure, culminating in complete composite failure at a critical
14

load level. In this work, a statistical distribution of fiber tensile strengths based upon a
modified two-parameter Weibull cumulative distribution function (CDF) developed by
Watson and Padgett [30-31] was employed to capture variations in fiber strength
associated with these random failures. The CDF (Figure 2.3) was solved for the
individual fiber strength σ to determine the fiber strengths to be assigned to individual
RUC subcells,

(2.1)
where 𝑃𝑓 is the cumulative probability of failure at a given fiber strength σ and is
taken to be a uniformly distributed random number between 0 and 1. For AS4/H3502,
the scale (σ0 = 651.7 ksi) and shape (β = 4.8) parameters were determined using filament
tensile strength data for specimens with gage length, L0 = 0.394 in. [32]. The fiber
strength parameter (α = 0.6) was obtained from experimental data where multiple fiber
lengths were tested [32]. L is the characteristic length of the fibers being simulated. As
L/L0 increases, the assigned predicted strength generated from the CDF decreases. This
inverse relationship between L/L0 and predicted fiber strength is a result of longer fibers
having a higher probability of a critical flaw being present that will lead to premature
fiber failure. For a complete discussion of the derivation of these parameters refer to [3233].

15

Figure 2.3

Weibull CDF described by Eq. 2.1 with randomly generated probabilities
and their associated strengths.

A series of microscale (i.e., RUC-based) failure analyses were performed using
the GMC and HFGMC as implemented within MAC/GMC for unidirectional AS4/H3502
RUCs subjected to uniaxial loading in the fiber direction. The AS4 carbon fibers and
H3502 epoxy matrix were considered as linear elastic, isotropic materials. The fibers had
a stiffness of 33.9 Msi and a Poisson’s ratio of 0.2 [34] and the matrix had a stiffness of
551 ksi and Poisson's ratio of 0.36 [35]. Similar to the approach employed by Ricks et al.
[19] the classic two-parameter Weibull CDF, where L/L0 = 1 and α = 0 (no fiber length
dependence), was used to assign varying fiber strengths to individual subcells within the
RUCs. This method was employed to generate a total of 1,000 statistical fiber strength
16

distributions for each of six-different n-fiber RUCs (where n = 1, 4, 9, 16, 25, 36). In
these analyses, distinct RUCs containing varying numbers of fibers were defined (singlefiber, four-fiber, nine-fiber, 16-fiber, 25-fiber, and 36-fiber) as shown in Figures 2.4(a-f);
note that an n-fiber RUC can be composed of n single-fiber RUCs. For a single-fiber
RUC, for example, Eq. 2.1 was solved for σ using one uniformly distributed random
number (representing Pf) and assigned to the single fiber subcell contained in the RUC.
This process was repeated 1,000 times resulting in 1000 distinct single-fiber RUCs. The
same process can be used to simulate RUCs containing n-fibers; n distinct probabilities
would be randomly generated, and n associated strengths from the Weibull CDF would
be randomly assigned to individual fiber subcells in the RUC. This methodology
effectively simulates a family of composites whose fiber strengths are representative of
the experimentally determined distribution of fiber strengths for a given filament length,
L0.

17

Figure 2.4

MAC/GMC RUC configurations where fibers are represented in red and
the matrix is represented in blue: a) single-fiber, b) four-fiber, c) nine-fiber,
d) 16-fiber, e) 25-fiber, and f) 36-fiber.

A set of parametric analyses were performed to evaluate the differences in
determined mean ultimate tensile failure strengths (UTSs) for AS4/H3502 based upon the
application of the GMC and HFGMC. The homogenized stress/strain response and mean
tensile failure strength for each n-fiber RUC (n = 1, 4, 9, 16, 25, 36) with a statistical
distribution of fiber strengths as described by the CDF in Eq. 1 was evaluated using both
the GMC and HFGMC resulting in a total of 12,000 distinct analyses. Such a large
sample size allows the Central Limit Theorem (CLT) to be employed in lieu of
determining the statistical distribution of the population [36]. The CLT states that for a
large sample size, the response can be regarded as normally distributed regardless of the
actual population’s distribution. A 90% confidence interval on the difference between
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the estimated mean tensile failure strength obtained from the GMC and HFGMC analyses
was created.
Figure 2.5(a) contains 100 representative AS4/H3502 uniaxial stress/strain curves
obtained from MAC/GMC analyses of single-fiber RUCs. As a RUC deforms uniaxially,
the RUC-averaged stress-strain response is linear elastic up to the point of fiber failure.
Once the single fiber fails, there is a sudden drop in the homogenized stress and the load
is carried entirely by the matrix (Figure 2.5(a)). However, in RUCs containing multiple
fibers, the load is redistributed to adjacent fibers after initial fiber failure; the remaining
intact fibers can continue to carry load until all fibers within the RUC fail (Figures 2.5(bd)). With each successive fiber failure, the effective stiffness of the RUC decreases. As
the number of fibers increases, the RUC-averaged response begins to exhibit continuum
like behavior (Figure 2.5(d)).
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Figure 2.5

MAC/GMC stress-strain response of AS4/H3502 unidirectional composites
for 100 representative simulations of a) single-fiber RUCs, b) four-fiber
RUCs, c) 16-fiber RUCs, and d) 36-fiber RUCs.

Table 2.1 shows the calculated mean UTSs and associated standard deviations for
AS4/H3502 as determined by the GMC and HFGMC. No significant difference in the
mean UTS results for each RUC (single-fiber, four-fiber, nine-fiber, 16-fiber, 25-fiber,
36-fiber) was observed. Also shown in Table 2.1 are the 90% confidence intervals
defining the difference in mean tensile failure strengths determined using the GMC and
HFGMC. The difference in calculated mean UTSs obtained using the GMC and
HFGMC is less than 0.07% for all cases. Figure 2.6 contains a plot of the mean tensile
20

failure stresses and standard deviations, generated using the GMC and HFGMC, as a
function of the number of fibers in a RUC. For each n-fiber RUC, the mean UTS and
standard deviation obtained using the GMC were nearly identical to those obtained using
the more computationally expensive HFGMC for the case of a uniaxial tensile load. This
suggests that the GMC may be used to perform computationally efficient microscale
calculations within a multiscale framework for uniaxial tensile loads. For a single-fiber
RUC, the predicted mean UTS corresponds to the composite strength value that would be
obtained if the mean value from the Weibull distribution of fiber strengths was employed.
As the number of fibers in a given RUC increases, the mean UTS of the composite
decreases. This makes sense because, as the number of fibers in an RUC is increased,
the likelihood of a statistically weak fiber being present in the strength distribution is
increased. After a lower strength fiber fails, the load is redistributed among the
remaining fibers which increasingly carry a disproportionate fraction of the applied load
resulting in a lower predicted mean UTS. As the number of fibers per RUC increases
from n = 1 to n = 36, the calculated mean UTS begins to conservatively approximate the
continuum (RVE-averaged) properties of an AS4/H3502 composite. In addition for n >
9, the calculated mean UTS approaches the statistical ensemble value. A statistical
ensemble stress-strain response is generated from a large number of replicates each with
varying microstructural properties. These individual repetitions are strain-averaged
together to generate the statistical ensemble-averaged stress-strain response of the
material and provide the continuum-averaged (RVE) response. Although a multi-fiber
RUC can be used to approximate the RVE response it alone is not an RVE. An
individual RUC can be regarded as an RVE subvolume (sub-RVE); the homogenized
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material response obtained from multiple RUCs (each with a statistical variation in
properties) can be used to replicate the RVE-averaged behavior. See Lacy et al. [27] for
a discussion of the relationship between RVE-subvolume averaged properties and
continuum-averaged properties.

Table 2.1

Results of confidence interval testing to determine statistical difference
between GMC and HFGMC analyses.
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Figure 2.6

Bar chart comparison of UTS results obtained using the GMC and HFGMC
of AS4/H3502 unidirectional composites

To illustrate this point, the ensemble-averaged stress-strain behavior was obtained
for each set of 1,000 n-fiber RUC analyses. For example, the ensemble-averaged stressstrain response for analyses performed using n=1, 4, 16, 36 are shown by the solid black
lines in Figures 2.5(a-d), respectively. Note that the ensemble averaged stress-strain
response obtained for the different RUC configurations are virtually identical.
Furthermore, it is relatively straight forward to account for variations in other properties
within this framework. For example, an additional set of 100 analyses were performed
for a nine-fiber RUC where the distribution of fiber strengths was determined from the
Weibull distribution of measured filament strengths, and the local fiber volume fraction
was determined using a normal distribution with a mean value of 0.6 and a coefficient of
variation of 8% [37]. In this fashion, variations in local volume fraction present in real
composites may be readily addressed. Figure 2.7 contains the calculated uniaxial stress23

strain response for each of these runs as well as the ensemble-averaged stress-strain
response for the 100 runs. The effect of variable fiber volume fraction is readily apparent
in the differences in the initial slope of the stress-strain curves. Note that the ensembleaveraged stress-strain response obtained for these 100 analyses with variable fiber
volume fraction are nearly identical to the ensemble averages for 1000 analyses
performed using single-fiber, four-fiber, 16-fiber, and 36-fiber RUCs with constant fiber
volume fraction shown in Figures 2.5(a-d). Clearly, small changes in fiber volume
fraction do not significantly affect the continuum-averaged response for the nine-fiber
RUC. These results suggest that multiple, coarse RUC analyses, which account for local
variations in constituent properties (fiber-volume fractions, fiber strengths, matrix and
interfacial properties), can be used to generate the continuum (RVE-averaged) behavior.
This issue will be explored further in future work.
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Figure 2.7

MAC/GMC stress-strain response of AS4/H3502 unidirectional composites
with the statistical ensemble superimposed on top of the individual ninefiber RUCs stress-strain responses

The preceding MAC/GMC calculations suggest that the continuum-averaged
material response can be reasonably approximated using RUCs containing relatively few
fibers. For this reason, MAC/GMC microscale analyses were coupled with the ABAQUS
FE solver in multiscale analyses of open-hole AS4/H3502 unidirectional composites.
Essentially, the macroscale response is simulated using traditional continuum-based FEs.
Global integration point strains obtained via FE analysis are mapped on to associated
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RUCs that model relevant aspects of the material microstructure (fiber volume fraction,
fiber strengths, etc.); the stress-strain response is then passed back up to the global FE
model. Progressive failure analyses are performed using a global-to-local-to-global
iterative methodology, where the special-purpose NASA code, FEAMAC [38], couples
the microscale and macroscale calculations. ABAQUS and FEAMAC will be used in
this work to outline a methodology to efficiently implement an adaptive multiscale
framework.
2.4.2

Multiscale Analysis of an Open-Hole Tensile Specimen
Multiscale analyses of ASTM D5766 [21] open-hole tensile specimens were

performed to assess progressive fiber failures and load redistribution in AS4/H3502
composites. Such specimens have large stress/strain gradients in the vicinity of the open
hole that may influence the optimal degrees of model discretization of the micro- and
macroscales (i.e., the number of RUC subcells used in microscale calculations as well as
the macroscale FE mesh density). Such factors are crucial in the long-term development
of an ICME-based ADT. An AS4/H3502 carbon fiber-epoxy unidirectional composite
consistent with ASTM D5766 was modeled in ABAQUS as a rectangular specimen with
dimensions of 12 in. x 1.5 in. x 0.1376 in. with a 0.25 in. diameter hole in the geometric
center of the part. The FE model was defined using eight-noded linear isoparametric
brick elements. Both coarse (7,184 elements) and fine (57,472 elements) meshes were
generated (illustrated in Figure 2.8) and used for this study. Four and eight elements
were modeled through the specimen thickness for the coarse and fine meshes,
respectively. The fine mesh shown in Figure 2.8(b) has double the element density of the
coarse mesh in Figure 2.8(a), and correspondingly greater computational costs. It is
26

crucial to minimize the levels of both macroscale and microscale discretization in order
to efficiently perform robust multiscale analyses.

Figure 2.8

a) Coarse 7,184 element mesh b) Fine 57,472 element mesh. Dashed lines
indicate regions of elevated stress.

In multiscale materials modeling, it is essential to replicate the continuumaveraged response at the macroscale through homogenization of microscale-level field
quantities and properties. This process is non-trivial when considering composite
materials that exhibit a high degree of heterogeneity at the microscale along with a
statistical variation of constituent properties. By employing a statistical ensemble
associated with a family of RUCs (each with its own statistical distribution of
morphologies and constituent properties), multiscale progressive failure analyses can be
performed that retain the “randomness” associated with the local material microstructure
due to varying fiber volume fractions, varying fiber strengths, microcracks, voids, poor
fiber/matrix interphase properties, etc. Essentially, distinct microscale RUCs, each with a
statistical distribution of features and/or properties, can be randomly assigned to
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individual elements in a FE model. The macroscale response is mapped onto the distinct
microscale RUCs and the homogenized microscale response is then mapped back to the
FE model in a global-to-local-to-global iterative process. This process is illustrated in
Figure 2.9. In the current study of AS4/H3502 open-hole composites, each distinct RUC
had a unique fiber strength profile generated using the Weibull CDF in equation (2.1) and
varying fiber volume fraction with a mean value of 0.60 with a coefficient of variation of
8% [37].

Figure 2.9

Graphic representation of generating a statistically varying RUC to be used
in a global-to-local-to-global multiscale progressive failure analysis
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A similar procedure was previously employed by Ricks et al. [19] for ASTM
D3039 [20] tensile specimens; such specimens display very little macroscale stress
concentrations in the gage section. In the current work, the effects of model discretization
at the micro- and macroscales were investigated for open-hole AS4/H3502 tensile
specimens with large stress/strain gradients. Multiscale analyses were performed by
pairing single-fiber, four-fiber, and 16-fiber RUCs with the coarse 7,184 element mesh
and by pairing single-fiber and four-fiber RUCs with the relatively fine 57,472 element
mesh. Ten simulations for each mesh/RUC combination were performed, where 449
distinct RUCs with unique fiber strength distributions were randomly assigned to element
integration points within the FE models. The clock time and UTS were determined for
each simulation. The average clock time and average UTS for each set of analyses are
summarized in Table 2.2. Additionally, five representative analyses for the coarse mesh
four-fiber RUC combination are shown in Figure 2.10. It is shown that failure is
dominated by the hole in each case. In general, for a fixed level of microscale
discretization, the predicted UTS increased slightly as the macroscale FE mesh density
increased. Similarly, for a fixed FE mesh, the predicted strength improved as the number
of fibers simulated at the microscale increased. The experimental UTS for the open-hole
AS4/H3502 specimen was 214.1 ksi; this value was obtained by adjusting the un-notched
material strength (258 ksi, [39]) to account for the presence of the circular hole [40]. For
a complete discussion of notch effects of AS4/H3502 unidirectional composites, the
reader may refer to Tan [40]. The computational results for each micro-/macroscale
discretization combination underpredicted the mean UTS of the AS4/H3502
unidirectional composites. The increase in predicted strengths associated with an
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increase in either micro- or macroscale discretization can be attributed to better load
redistribution between adjacent fibers within microscale RUCs, as well as across element
boundaries. In the fine macroscale FE mesh, a microscale RUC with a relatively low
fiber strength distribution is more likely to be in close proximity of an element with a
higher fiber strength distribution. As a result, loads are more effectively redistributed
between elements within the fine mesh model. Essentially, after a fraction of the local
fibers have failed within a given microscale RUC, the stresses are redistributed to
stronger fibers in that RUC, adjacent RUCs contained within the same element, and
across element boundaries. This process becomes more efficient as the finite element
size decreases or the number of fibers simulated within an RUC increases. Note that the
predicted UTS for all cases is below the experimentally observed value (214.1 ksi) for the
AS4/H3502 material system [33, 40]. The current model only accounts for fiber
breakage and neglects potential toughening mechanisms associated with matrix
inelasticity, fiber-bridged matrix cracking, and frictional sliding. These issues will be
addressed in future work. As an aside, the strength predictions may also be influenced by
the number of elements through the thickness of the FE model [19]. Local element
failures can induce out-of-plane bending that in turn affects the observed strength
predictions.
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Figure 2.10

Five representative multiscale progressive failure analyses for the fourfiber coarse mesh discretization combination.
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Table 2.2 UTS and CPU time results from full domain multiscale simulations for a
unidirectional AS4/H3502 Open hole composite tensile specimen

* 16-fiber RUCs do not have varying fiber volume fraction
** Experimental data from [40]

The predicted UTS values obtained using a coarse macroscale mesh and
microscale RUCs containing multiple fibers (n = 4, 16) were comparable to those
obtained using a fine macroscale FE mesh (Table 2.2). The average CPU times for
simulations performed using the fine FE mesh, however, were substantially greater than
those for the coarse FE meshes. For example, the multiscale analysis performed using a
7,184 FE/four-fiber RUC was over eight times faster than a multiscale analysis
performed using a 57,472 FE/four-fiber RUC analysis. Such considerations are crucial in
the establishment of a computationally efficient ICME-based ADT.
Figures 2.11(a-e) shows the distribution of FEs with failed fibers at the UTS of a
representative specimen for each combination of micro-/macroscale discretization.
Figures 2.11(a-c) shows the coarse 7,184 FE mesh paired with the single-fiber, four-fiber,
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and 16-fiber RUCs, respectively. Figures 2.11(d-e) shows the fine 57,472 FE mesh
paired with the single-fiber and four-fiber RUCs respectively. “Blue” FEs represent
elements with no fiber failure at the microscale, and “red” FEs represent elements where
100% of the fibers have failed at the microscale. Colors other than red or blue represent
elements containing RUCs with a fraction of the fibers intact. The random failures seen
in the far-field regions away from the hole are comparable to the results obtained by
Ricks et al. [19] for ASTM 3039 tensile specimens with a constant cross-section. For the
open-hole specimens considered here, damage initiation and ultimate failure were
dominated by the stress concentration in the vicinity of the hole; damage initiation and
propagation emanated from the edge of the hole.
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Figure 2.11

Distribution of FEs with failed fibers at the UTS of a representative
specimen for each combination of micro-/macroscale discretization: a)
single-fiber RUCs paired with 7,184 element mesh, b) four-fiber RUCs
paired with a 7,184 element mesh, c) 16-fiber RUCs paired with 7,184
element mesh, d) single-fiber RUCs paired with a 57,472 element mesh,
and e) four-fiber RUCs paired with a 57,472 element mesh

In the preceding multiscale analyses, the RUCs used within each micro- or
macroscale discretization combination had a varying fiber volume fraction with a mean
value of 0.6 with a coefficient of variation of 8%. Two sets of ten additional multiscale
analyses were performed using the coarse FE mesh to assess the effect of varying the
fiber volume fraction within each RUC on the predicted strengths. These analyses
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employed single-fiber and four-fiber RUCs, respectively, where the fiber volume fraction
was held constant (0.6). Multiscale simulations performed with a constant fiber volume
fraction led to comparable strength predictions with somewhat shorter computation times
than did analyses performed with statistically varying fiber volume fractions (results in
Table 2.3). Essentially, the differences in computational costs were associated with an
increase in the number of RUC matrix subcells necessary to simulate variations in the
fiber volume fraction at the microscale. Hence, when the variation in local fiber volume
fraction is small, constant volume fraction multiscale analyses may be performed to
increase computational efficiency.

Table 2.2

UTS and CPU Time results for full domain multiscale simulations for a
unidirectional AS4/H3502 open-hole composite tensile specimen with
varying and non-varying fiber volume fraction.
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2.4.3

Multiscale Modeling Within a Reduced Domain
Implementing multiscale calculations only in model regions with elevated driving

forces for damage initiation and propagation is a far more computationally efficient
multiscale analysis strategy than performing such calculations over the entire model
domain, including regions where the loading is somewhat benign [41]. Moreover,
employing multiscale calculations at every integration point within a FE model of an allcomposite structure ADT would be computationally intractable. In order for an ICMEbased ADT to be efficiently implemented, it is desirable for multiscale calculations to
only be performed in critical sub-domains of the air vehicle model [42]. This “hot-spot”
approach would allow transfer of critical materials data from the macroscale (structure) to
the mesoscale (substructure) and microscale (RVE and RUC) as illustrated in Figure
2.12. The hot-spot approach divides the structure into sub-domains for micromechanics
analyses based on a predetermined implementation criterion (i.e., critical value of strain
energy, regions of large stress/strain gradients, etc.). In turn, continuum-averaged
properties can be used to characterize structure in benign, non-critical locations and pave
the way for computationally efficient multiscale FE models central to the development of
an ICME-based ADT. A preliminary elastic macroscale stress analysis of a structure can
be used to identify critical sub-domains where multiscale analysis is warranted. For
example, Figure 2.13 shows a contour plot of the calculated effective stress on the outer
surface of an Owl UAS all-composite wing subjected to an upbending load case from an
Abaqus FE analysis. Regions of the Owl wing with proportionally higher stress levels
for a given load case may be good candidates for multiscale analyses. Hence, multiscale
calculations can be selectively employed to accurately characterize the structural
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response without explicitly requiring multiscale computations at every integration point
within the global FE model of the structure [41-42]. Of course, composite multiscale
material models will need to be carefully defined so that unique material phases,
interfacial regions, statistical variations in constituent properties, and model uncertainty
are properly characterized and quantified. To ensure this, the domains associated with
lower length scale calculations should be large enough to encompass regions with high
stress/strain gradients and/or elevated driving forces for damage evolution present within
the structure.

Figure 2.12

Representation of the “hot-spot” multiscale approach adapted from [41]

37

Figure 2.13

Illustration of the “hot-spot” multiscale approach using a cursory elastic
analysis of the Owl UAS

A multiscale analysis over a reduced macroscale domain will permit high-fidelity
computations only within smaller critical volumes within the structure, and would
eliminate the need to perform multiscale calculations in model domains with relatively
benign stress levels. Using randomly distributed RUCs within these critical volumes will
account for statistical property distributions leading to the RVE-averaged response. For
example, in the open-hole tension specimen considered here, a critical region around the
circular hole may be defined for multiscale analyses. Elements falling outside this
subdomain can be simulated using traditional continuum elements.
Reduced domain multiscale analyses were performed using either single-fiber,
four-fiber, or 16-fiber RUCs within a specified sub-domain surrounding the circular hole
in the coarse 7,184 element mesh. A similar set of multiscale calculations were
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performed over an analogous subdomain in the refined 54,472 FE mesh using either
single-fiber or four-fiber RUCs. Ten simulations for each combination were performed,
where 149 distinct RUCs with unique fiber strength distributions and local fiber volume
fractions (with the exception of the 16-fiber RUC analyses) were randomly assigned to
the FE integration points within the predefined sub-domain of the simulated ASTM
D5766 tensile specimen. The subdomains used in the multiscale analyses encompassed
roughly one-third of the overall domain for each mesh, and are bounded by the dashed
lines shown in Figure 2.8. The remainder of the “benign” far field region of the specimen
was simulated using macroscale continuum elements only. Within the sub-domain, 149
distinct RUCs were used for the 7,184 and 57,472 element mesh. Table 2.4 contains the
average UTS and average CPU time for each full-domain and reduced-domain multiscale
analysis for the coarse FE mesh. Table 2.5 contains a summary of similar data obtained
using the fine FE mesh. The calculated average UTS values obtained using a reduced
multiscale analysis domain were 2.3-4.0% lower than the strengths obtained from the
multiscale analysis performed over the entire domain of the AS4/H3502 open-hole
specimen. While the reasons for this slight reduction in calculated mean strength remain
to be fully explored, there are several plausible explanations. Distributed fiber failures in
regions far removed from the hole may lead to local stress redistributions in the vicinity
of the hole resulting in a slight increase in strength. In the reduced subdomain analysis,
such far-field stress redistributions are not permitted. After a significant amount of fiber
failures occur in the evolving subdomain, the boundary between the two regions is like a
bi-material interface. The non-evolving far-field regions retain the homogeneous moduli
associated with the undamaged composite, whereas the evolving subdomain becomes
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increasingly heterogeneous with local moduli (and strengths) distinct from continuumaveraged values for the pristine composite. While the optimal implementation of reduced
multiscale analysis domains remains to be fully developed, the calculated results suggest
that such an approach leads to strength values comparable to those obtained using fullfield multiscale analyses. By reducing the size of the multiscale analysis domain, the
computational time significantly decreased. The improvement in run times were
particularly pronounced for analyses performed using multiple fiber RUCs (n = 4, 16).
The sub-domain analyses were 36.7% to 46.0% faster than the associated multiscale
analyses performed over the full domain for the coarse FE mesh. Similarly, sub-domain
analyses performed using the fine global FE mesh were 17.7% faster than the associated
analyses performed over the full domain.
Multiscale analysis performed over a reduced domain also led to similar failure
behavior in regions with high stress concentrations. For example, Figure 2.14(a) shows
the distribution of fiber failures at UTS from representative full and reduced domain
analyses performed using the coarse FE mesh in combination with a single-fiber RUC.
As can be seen in the figure, both simulations led to similar distributions of fiber failures
in the vicinity of the hole. Analogously, full and reduced domain multiscale analyses
performed using a coarse mesh/four-fiber RUC, coarse mesh/16-fiber RUC, and fine
mesh/single-fiber RUC all led to comparable progression of fiber failure near the circular
hole (c.f., Figures 2.14(b-d), respectively).
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Table 2.3

UTS and CPU time results from full domain and reduced domain multiscale
simulations using a coarse 7,184 element mesh: a) single-fiber RUCs, b)
four-fiber RUCs, and c) 16-fiber RUCs

* 16-fiber RUCs fiber volume fraction held constant
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Table 2.4

Figure 2.14

UTS and CPU time results from full domain and reduced domain multiscale
simulations using a fine 57,472 element mesh paired with single-fiber RUCs
with varying fiber volume fraction

Distribution of FEs with failed fibers at the UTS of a representative
specimen for each combination of micro-/macroscale discretization for a
full-domain (left) multiscale analysis and reduced domain (right) multiscale
analysis: a) single-fiber RUCs paired with 7,184 element mesh, b) fourfiber RUCs paired with a 7,184 element mesh, c) 16-fiber RUCs paired
with 7,184 element mesh, and d) single-fiber RUCs paired with a 57,472
element mesh
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The preceding reduced domain multiscale calculations represent an important
evolution in the development of a truly adaptive multiscale analysis methodology for
composite structures. In a computationally efficient adaptive multiscale approach, lower
length scale calculations ideally would only be performed when the local state of
microscale damage and the driving force for microscale damage evolution reached
critical values. Hypothetically, an adaptive multiscale progressive failure analysis of a
composite structure could involve a sequence of computations including: i) purely
macroscale analyses of the pristine structure aimed at identifying initial regions with high
driving forces for lower length scale damage evolution; ii) coupled
macroscale/microscale analyses only in model sub-domains surrounding regions with
high local driving forces; and iii) coupled macroscale/microscale analyses over iteratively
expanded sub-domains encompassing regions with prior microscale damage
initiation/growth or an increase in local driving forces due to stress redistribution/load
shedding within the structure. Such an approach would eliminate the need to identify
model regions for multiscale analysis a priori, and would facilitate the development of
ICME-based multiscale analysis of larger structures as well as the ADT.
Of course, one of the key challenges in adaptive multiscale modeling is to
postulate a relationship between macroscale field quantities and the initiation of
microscale failure. The optimal choice in macroscale criterion used to initiate lower
length scale calculations is likely problem specific. In quasi-brittle composites, for
example, microscale calculations could be initially activated in regions surrounding
macroscale FEs with relatively elevated global strain energy density values; this notion is
similar to strain energy release rate concepts commonly employed in the field of linearly
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elastic fracture mechanics [43]. Once a family of macroscale FEs was identified for
multiscale analysis for a given load step, a series of microscale RUCs that include
statistical distributions of microstructural features could be associated with each element
in a fashion similar to the methodology presented previously. Evolution of
microstructure based upon lower length scale (RUC) calculations would lead to
accumulated damage formation at the microscale, changes in the continuum-averaged
(macroscopic) material behavior, as well as macroscale stress redistribution. Microscale
damage initiation/propagation and the corresponding macroscale load shedding would
necessitate an iterative increase in the multiscale analysis sub-domain(s) for the current
and future load steps. New multiscale analysis sub-domains may be defined based upon
the change in macroscale strain energy density (or other appropriate macroscale
quantities). Moreover, the boundaries of the current multiscale analysis sub-domain(s)
could be extended based upon variations in macroscale strain energy density as well as
the magnitude of the local (microscale) damage field and it’s gradient. Lacy et al. [27]
showed that for quasi-brittle microcracking solids, the evolution in macroscale (i.e.,
RVE-averaged) material behavior depended somewhat on the mean damage gradient
associated with RVE sub-volumes; such sub-volumes are analogous to the microscale
RUCs consider in this study. Hence, consideration of microscale damage gradients may
be used to account for non-local influences at the microscale on changes in macroscale
material behavior, as well as to adaptively extend the multiscale analysis domain(s) in
regions surrounding elements with high damage gradients. For composites containing
crack-like “damage” of varying types and sizes (fiber breaks, matrix cracks,
delaminations, etc.), mathematical descriptors of damage would need to be introduced
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and their directional gradients calculated (cf., [44] for a summary of various mathematical
descriptors of damage in fiber-reinforced composites). Such an iterative adaptive
multiscale methodology would allow load history dependent evolution of the composite
microstructure to proceed from regions with high driving force for damage evolution
and/or high local damage gradients to regions that are damage free, while reducing
overall computational costs. Such a modeling strategy may enable robust multiscale
analyses of large complex composite structures, which would otherwise prove
computationally intractable.
2.5

Towards ICME-Based Digital Twin Models of Composite Air Vehicles
The proposed methodology for adaptive multiscale analyses has the potential to

facilitate large scale ICME-based multiscale calculations. One long-range goal is to
employ such concepts within the framework of a computationally efficient ADT for
composite air vehicles. The ADT concept has the potential to redefine future structural
analyses and full air vehicle designs by developing robust cycle-by-cycle life predictions
from tightly-coupled multiphysics, multiscale, and probabilistic simulations generated
using high fidelity models, in-flight sensors, and known flight histories of the associated
aircraft and/or fleet; such predictions will be continually updated to account for the actual
service history of individual aircraft [1, 2]. Data from these sorts of simulations can be
used to tailor aircraft fleet usage to enhance structural health, to ensure safety, and to
facilitate aircraft maintenance, inspection, and repair without compromising vehicle
performance or unnecessarily increasing vehicle weight. Figure 2.15 contains a
flowchart defining major functions and processes associated with the structural ADT
(adapted from [2]). Key concepts necessary to develop ICME-based structural ADT
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models for metallic air vehicles are relatively well understood, although serious
computational challenges remain associated with the integration of the suite of ADT
models and performing full air vehicle multiscale analyses.

Figure 2.15

Structural ADT functional process adapted from [2]

Establishment of a structural ADT paradigm for composite air vehicles, however,
involves substantially greater challenges than those for metallic aircraft. Initial laminated
composite material properties and structural performance strongly depend on the
fiber/matrix surface chemistry, continuous fiber architecture (unidirectional, plain weave,
satin weave, etc.), fabrication/processing (wet lay-up, resin transfer molding, use of preimpregnated plies, etc.), curing protocols and processes (e.g., autoclave versus out-of46

autoclave cures), lay-up configuration, as well as a multitude of other factors. Fabricated
composite properties are also vulnerable to long-term degradations due to hygrothermal
and other environmental influences. The ICME principles necessary to account for the
effect of such factors on composite material structure-property relations are far less
established than those developed for metals. Similarly, damage tolerance concepts are
somewhat less mature for composite aircraft structures than those for metallic aircraft.
While structural integrity and life predictions for metallic aircraft are often driven by
tensile dominated crack growth, the failure modes and mechanisms in composite
structures are significantly more complex. While composite structures are susceptible to
a number of distributed crack-like defects (fiber breaks, matrix cracks, delaminations,
etc.), the onset of fatigue damage is strongly influenced by the relative differences in
constituent properties and as well as the layup configuration. Hence, fatigue life
predictions for complex composite structures cannot necessarily be inferred from simple
laboratory coupon specimens. Moreover, composite structural integrity is often limited by
compressive stability-related failures, particularly after in-service impact. Key issues
pertaining to damage detection, damage repair, and repair assessment for composite
aircraft structures are still being developed [43]. Lastly, real-time structural health
monitoring, nondestructive evaluation of damage, and flight/loads data acquisition and
storage are of paramount importance for ADT model validation. These sorts of issues
must be addressed in order to develop a robust ICME-based ADT for composite air
vehicles. The multiscale analysis concepts presented in this work represent an important
first step in the establishment of that goal.
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2.6

Conclusions
Full-domain multiscale analyses of unidirectional AS4/H3502 open-hole

composite tensile specimens were performed to assess the effect of microscale
progressive fiber failures in regions with large stress/strain gradients on macroscale
composite strengths. Multiple sets of microscale analyses of repeating unit cells (RUCs),
each containing varying numbers of fibers with a distinct statistical distribution of fiber
strengths and fiber volume fractions, were used to establish the microscale discretization
to be employed in multiscale calculations. The ensemble-averaged stress-strain response
obtained from these microscale RUC analyses can be used to generate the macroscale
continuum behavior; this will be the topic of a future study. Furthermore, distinct
microscale RUCs were randomly assigned to element integration points within global FE
models; a family of multiscale analyses was performed to explore the effects of model
discretization at the micro- and macroscales on calculated composite strengths and
computational efficiency. Additionally, reduced domain multiscale analyses were
performed within specified sub-domains surrounding the circular hole. Both full and
reduced domain multiscale analyses led to comparable macroscale strength predictions
and distributions of fiber failure in the vicinity the circular hole. The reduced domain
multiscale analyses, however, were significantly more computationally efficient than the
corresponding full-domain analyses.
The adaptive multiscale analysis concepts developed in this work represent an
important first step in the establishment of an ICME-based digital twin paradigm for
composite air vehicles.
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CHAPTER III
CONCLUSIONS

3.1

Conclusions
As computational resources become increasingly more efficient, full air vehicle

multiscale analysis and design with intrinsic links to molecular level, microscale, and
mesoscale phenomena will be possible by applying Integrated Computational Materials
Engineering (ICME) principles. A series of multiscale analyses of ASTM D5766
AS4/H3502 open-hole tensile specimens were performed to identify key issues in the
development of ICME-based multiscale analysis of composite structures.
Multiple sets of microscale analyses of repeating unit cells (RUCs), each
containing varying numbers of fibers with a distinct statistical distribution of fiber
strengths and fiber volume fractions, were used to establish the microscale discretization
to be employed in multiscale calculations. Results showed that the homogenized material
response converges at the same rate for both GMC and HFGMC and that the overall RVE
material behavior can be obtained while still accounting for constituent property
variability resulting from material heterogeneities (e.g., varying fiber volume fractions,
varying fiber strengths, microcracks, voids, poor fiber/matrix interphase properties, etc.).
The ensemble-averaged stress-strain response obtained from these microscale RUC
analyses can be used to generate the macroscale continuum behavior; this will be the
topic of a future study.
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Furthermore, distinct microscale RUCs were randomly assigned to element
integration points within global FE models of open-hole composite tensile specimens; a
family of multiscale analyses was performed to explore the effects of model
discretization at the micro- and macroscales on calculated composite strengths and
computational efficiency. In such specimens, failure is dominated by the presence of the
open-hole; where cracks propagate from the edge of the hole toward the edge of the
specimen until final fracture.
Additionally, reduced domain multiscale analyses were performed within
specified sub-domains surrounding the circular hole. Both full and reduced domain
multiscale analyses led to comparable macroscale strength predictions and distributions
of fiber failure in the vicinity the circular hole. The reduced domain multiscale analyses,
however, were significantly more computationally than the corresponding full-domain
analyses. Employing reduced domain multiscale analyses is a critical step towards
efficient modeling of composite structures and could lead to significant advances in next
generation modeling technologies such as the ADT. The adaptive multiscale analysis
concepts developed in this work represent an important first step in the establishment of
an ICME-based digital twin paradigm for composite air vehicles.
It is proposed that future work investigate the effects of including other sources of
material property variability to more accurately characterize the material response at the
microscale. Areas to be addressed include but are not limited to: effects associated with
varying matrix stiffness, varying fiber stiffness, and potential toughening associated with
matrix inelasticity, fiber-bridged matrix cracking, and frictional sliding. Such issues are

54

critical to the development of comprehensive modeling of multiscale analyses and in turn
facilitate development of the ADT suite of models.
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